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Abstract: We present an appealing alternative scenario of leptogenesis assisted by dark
sector which leads to the baryon asymmetry of the Universe satisfying all theoretical and
experimental constraints. We adopt the singlet doublet fermionic dark matter framework
with the inclusion of copies of a singlet scalar field within this dark sector. A small Ma-
jorana mass term for the singlet fermion, in addition to the typical Dirac term, provide
the more favourable dark matter of pseudo-Dirac type, capable of escaping direct search.
Such a construction also offers a pivotal role in the radiative generation of active neutrino
masses. In the presence of a (non)standard thermal history of the Universe, we perform
the detailed dark matter phenomenology adopting the suitable benchmark scenarios, con-
sistent with direct detection and neutrino oscillations data. Besides, we have demonstrated
that the singlet scalars can go through CP-violating out of equilibrium decay, producing
an ample amount of lepton asymmetry. Such an asymmetry then gets converted into the
observed baryon asymmetry of the Universe through the non-perturbative sphaleron pro-
cesses owing to the presence of the alternative cosmological background considered here.
Unconventional thermal history of the Universe can thus aspire to lend a critical role both
in the context of dark matter as well as in realizing baryogenesis.
ar
X
iv
:2
00
7.
15
60
8v
1 
 [h
ep
-p
h]
  3
0 J
ul 
20
20
Contents
1 Introduction 1
2 Structure of the model - Extended singlet doublet scenario 3
3 Model Constraints 6
4 Fast expanding Universe 8
5 Revisiting dark matter phenomenology 10
5.1 Direct searches 11
5.2 Dark matter in presence of (non)standard thermal history 11
6 Neutrino mass generation 14
7 Baryogenesis via Leptogenesis from scalar decay 15
7.1 Boltzmann’s equations and final baryon asymmetry 16
8 Results for neutrino mass and leptogenesis 19
9 Summary and Conclusion 22
A Analytical formulation of the lepton asymmetry parameter 23
1 Introduction
Several cosmological challenges of particle physics keep us motivated to practice new pro-
posals beyond the exiting ones. The first entity which wins our profound attention is the
existence of dark matter (DM) in the Universe. In spite of ample cosmological evidences,
the origin and nature of dark matter still remain a mystery. And this mystery continues
with the null results in several dark matter search experiments around the globe. It is
conventional to state that the SM of particle physics lacks a viable candidate for dark
matter. A plethora of beyond Standard Model (BSM) proposals have been cultivated al-
ready which are able to accommodate a stable dark matter candidate. TeV scale LHC
new physics search, together with celestial DM searches, keep rendering increasingly severe
constraints on such models supporting cold DM in so-called Weakly Interacting massive
particle (WIMP) paradigm. Therefore, the new challenge for theorists is to inquire after
and trace the possible cause for the null results of DM at both direct search and collider
experiments.
Similarly the understanding of the origin of the cosmological baryon asymmetry has
been a challenge for both particle physics and cosmology. In an expanding universe, baryon
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asymmetry can be generated dynamically by charge-conjugation (C), charge-parity (CP)
and baryon (B) number violating interactions among quarks and leptons. There are sev-
eral attractive mechanisms which offer the explanation for the tiny excess of matter over
antimatter, leptogenesis is one of a kind as pointed out by Fukugita and Yanagida [1] for
the first time. In such a scenario the CP asymmetry is first generated in the lepton sector
and later on gets converted into the baryon asymmetry via the non-perturbative sphaleron
transition [2]. Leptogenesis via the out of equilibrium decay of the right handed neutrino
(RHN) to SM leptons and Higgs in seesaw frameworks gained lots of attention in the last
decade. For some earlier work one may look at refs. [3, 4]. A prime aim of leptogenesis
is that it can be used as a probe for the seesaw scale, thus opens up the testability of the
heavy BSM particles responsible for generating tiny neutrino mass. Baryon asymmetry of
the universe (BAU) is quantified as the ratio of the net baryon number density, nB, to the
photon density nγ and one can write [5],
ηBBNB =
nB − n¯B
nγ
= (2.6− 6.2)× 10−10 (1.1)
Since both dark matter and baryon asymmetry have cosmological origin, it is antici-
pated that there exists a correlation between the two. Indeed there have been a number of
theoretical activities (see for instance [6–8] as some recent articles) which explore such an
elegant connection. Majority of them have dealt with the standard thermal history of the
Universe where it is assumed that the pre big bang nucleosynthesis (BBN) era was radia-
tion dominated (RD). However, there is no direct evidence that obviate us from believing
that prior to the radiation domination the Universe was populated by some other species.
These non-standard scenarios must be consistent with the lower bound on the temperature
of the last radiation epoch before BBN which is around O(1−10) MeV [9, 10]. In modified
cosmological scenario the expansion rate of the Universe naturally alters from what it is in
case of the standard scenario. This could have considerable impact on standard description
of particle physics phenomenology. Indeed, several exercises towards this direction have
shown that in presence of such a non-standard history the DM phenomenology and the
evolution of baryon asymmetry get significantly changed. For various model dependent
and independent exercises on DM phenomenology in non-standard cosmology see [11–39].
Some recent implications of non-standard cosmology in the context of leptogenesis through
RHN decay can be found in refs. [40–42]. In the present framework we explicate the
influence of such alternate cosmology in order to produce the observed BAU through the
process of leptogenesis from the decay of a heavy SM singlet scalar.
In this work our endeavor is to establish a comprehensive connection between dark
sector and observed baryon asymmetry of the Universe in a non-standard cosmological
scenario. The dark sector resembles the standard singlet doublet dark matter framework
[43–72] with the dark matter weakly interacting with the thermal bath. It was earlier shown
by us [73] that presence of a small Majorana mass for the singlet fermion in addition to
the Dirac mass make the DM (admixture of singlet and doublet) of pseudo Dirac nature.
The pseudo Dirac nature assists the DM to escape from the direct search experiments by
preventing its interaction with the neutral current at tree level [74]. Eventually, the allowed
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range of the mixing angle between the singlet and doublet fermion can be improved at a
substantial amount which was otherwise strongly constrained. In [73] we also extend the
minimal singlet dark matter set up by inclusion of copies of a dark singlet scalar field to
yield light active neutrino masses radiatively. We particularly have emphasized that the
Majorana mass term which is related to non observation of DM at direct search experiments
can yield the correct order of light neutrino masses. In the present work we explore the
DM phenomenology in the same set up by making an important assumption of presence of
a non-standard thermal history of the Universe. In particular we consider the presence of
a popular non-standard scenario before the BBN dubbed as fast expanding Universe [15].
As mentioned earlier, we present a slightly different approach for realizing leptogenesis,
where the lepton asymmetry originates from the lepton number and CP violating decay of
singlet dark scalar fields into SM leptons and one of the dark sector fermion. The produced
lepton asymmetry further can account for the observed baryon asymmetry of the Universe
through the usual sphaleron process. We specifically have shown that the presence of a
non-standard era in the form of a fast expanding Universe is slightly preferred in order to
generate the observed amount of matter-antimatter asymmetry in this particular set up.
This work is organised as follows. In Section 2 we present the structure and contents of
the model, which is primarily an extended version of the singlet doublet model. Theoretical
as well as experimental constraints of the model parameters are debated in Section 3.
Section 4 is kept for explaining the cosmology of fast expanding universe where working
mathematical forms are provided to utilise them in following sections. We detail the DM
phenomenology in presence of non-standard cosmology in the Section 5. Different aspects
of parameter dependance and related constraints are discussed quantifying the effect of
non-standard scenario. In Section 6, we present the neutrino mass generation technique.
Then Section 7 is dedicated for the baryogenesis through leptogenesis and the required
analytical formula realizing the same. Results and analysis for neutrino mass and BAU are
shown in Section 8. Finally we summarize our findings and conclude in Section 9.
2 Structure of the model - Extended singlet doublet scenario
We propose an extended version of singlet doublet fermionic dark matter model to accom-
modate neutrino mass and baryon asymmetry of the Universe. The fermion sector in the
set up includes one fermion singlet (χ) and another SU(2)L doublet (Ψ). The BSM scalar
sector is enriched by three copies of a real scalar singlet field (φ1,2,3). We consider the SM
fields to transform trivially under a imposed Z2 symmetry while all the BSM fields are
assigned odd Z2 charges (see Table 1). The BSM fields are non-leptonic in nature. The
Lagrangian of the scalar sector is given by
Lscalar = |DµH|2 + 1
2
(∂µφ)
2 − V (H,φ), (2.1)
where,
Dµ = ∂µ − igσ
a
2
W aµ − ig′Y Bµ, (2.2)
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BSM and SM Fields SU(3)C × SU(2)L × U(1)Y ≡ G Z2
Ψ ≡
(
ψ0
ψ−
)
1 2 -12 −
χ 1 1 0 −
φi (i = 1, 2, 3) 1 1 0 −
`L ≡
(
ν`
`
)
1 2 -12 +
H ≡
(
w+
1√
2
(v + h+ iz)
)
1 2 12 +
Table 1. Fields and their quantum numbers under the SM gauge symmetry and additional Z2.
with g and g′ stand for the SU(2)L and the U(1)Y gauge couplings respectively. Below
we write the general form of the scalar sector potential V (H,φ) consistent with the charge
assignment in Table 1:
V (H,φi) = −µ2H (H†H) + λH (H†H)2 +
µ2ij
2
φiφj +
λijk
2
φ2iφjφk +
λij
2
φiφj(H
†H). (2.3)
After minimization of the scalar potential in the limit µ2H , µ
2
ij > 0 the vacuum expectation
values (vev) for both the scalars H and φi’s can be obtained as given below,
〈H〉 = v, 〈φi〉 = 0. (2.4)
For simplification, we consider λij , λijk as diagonal in addition to mass matrix for the
scalars, parameterized as Diag(M2φ1 ,M
2
φ2
,M2φ3). Since 〈φi〉 = 0, Z2 remains unbroken
which stabilizes the DM candidate. The Lagrangian for the fermionic sector at tree level
is written as:
L = Lf + LY , (2.5)
where,
Lf = iΨ¯γµDµΨ + iχ¯γµ∂µχ−MΨΨ¯Ψ−Mχχ¯χ− mχL
2
χcPLχ− mχR
2
χcPRχ, (2.6)
and
LY = Y Ψ¯H˜χ+ hαi ¯`αΨφi + h.c.. (2.7)
It is important to note that both the Dirac and Majorana mass appear for the χ field in
Eq. (2.6) which results in symbolising the Yukawa like interaction involving SM leptons and
the doublet ψ as a lepton number violating vertex at tree level. We specifically assume that
the Majorana mass for χ field is much smaller than the Dirac one i.e. mχL,R Mχ. In the
present framework the lightest neutral fermion is a viable dark matter candidate which is
of pseudo-Dirac nature in the limit mχL,R  Mχ. As we see [73] that this non-vanishing
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mχL,R assists in evading strong spin-independent dark matter direct detection bound. In
addition, it is also found [73] to be crucial in generating light neutrino mass radiatively.
The interaction of DM with the SM particles mediated through the Higgs is realized by
the first term in Eq. (2.7), whereas the second term which is also responsible for active
neutrino mass generation through radiative loop [73] manifests the explicit violation of the
lepton number 1.
In the present study, we consider Mφi  Mψ,mχL,R such that the role of φ fields
in DM phenomenology is minimal 2. After the spontaneous EW symmetry breaking, the
Dirac mass matrix for the neutral DM fermions is given by (in mχL,R → 0 limit),
MD =
(
MΨ MD
MD Mχ
)
, (2.8)
where we define MD =
Y v√
2
. After diagonalisation ofMD the mass eigenvalues are computed
as,
Mξ1 =
Mχ +MΨ
2
− 1
2
√
4M2D +M
2
χ − 2MχMΨ +M2Ψ, (2.9)
Mξ2 =
Mχ +MΨ
2
+
1
2
√
4M2D +M
2
χ − 2MχMΨ +M2Ψ, (2.10)
where the mass eigenstates are represented as (ξ1, ξ2). It is evident from Eq.(2.9) that ξ1
is the lightest eigenstate, which we identify as our DM candidate. The stability of DM is
ensured by the unbroken Z2 symmetry. The mixing between two flavor states, i.e. neutral
part of the doublet (ψ0) and the singlet field (χ) is parameterised by θ as
sin 2θ =
√
2 Y v
∆M
, (2.11)
where ∆M = Mξ2−Mξ1 which turns out to be of the similar order of MΨ−Mχ in the small
θ limit. Also, in small mixing case, ξ1 can be identified with the singlet χ. The presence
of tiny mχL,R makes the DM ξ1 pseudo-Dirac. In the limit m→ 0 where we define
m = (mχL +mχR)/2, (2.12)
the Majorana eigenstates of ξ1 (i.e. ζ1, ζ2) become degenerate. A small amount of non-zero
mχL,R breaks this degeneracy, and we can still write
ζ1 ' i√
2
(ξ1 − ξc1), (2.13)
ζ2 ' 1√
2
(ξ1 + ξ
c
1). (2.14)
1The purpose of choosing the dark sector scalar fields as real is justified to pave the way for explicit
lepton number violation [45] in Eq.(2.6).
2Ideally the scalars, being a part of the dark sector can engage in DM phenomenology through coannhi-
lation processes however considering the mass pattern in Fig. 1 their contributions turn out to be minimal.
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φ3
φ2
φ1
{
ξ2
ζ4
ζ3
ξ1
ζ1
ζ2
∆M
≪O(m)
∼O(m)
Mass
Mφi≫Mξi
1
Figure 1. Mass spectrum of the dark sector, showing the lightest pseudo-Dirac mode as the dark
matter and other heavy BSM fermions and scalars.
in the pseudo-Dirac limit m  Mζ1 ,Mζ2 where Mζ1,ζ2 ' Mξ1 ∓m. In a similar fashion,
the state ξ2 would be splitted into ζ3 and ζ4. Hence we will have four neutral pseudo-
Dirac mass eigenstates in the DM sector with the lightest state being the DM candidate.
For a representative mass spectrum of the dark sector, please follow Fig. 1, showing the
lightest pseudo-Dirac mode as the dark matter candidate together with other heavy BSM
fermions and scalars. In the following section we look into the possible constraints before
emphasizing cosmological predictions of the model.
3 Model Constraints
In this section we summarize the possible constraints on the model parameters arising from
different theoretical and experimental bounds.
• Perturbativity and stability bounds: Any new theory is expected to obey the
perturbativity limit which imposes strong upper bounds on the model parameters:
λij , λijk < 4pi, and Y, hij <
√
4pi. (3.1)
It is also essential to ensure the stability of the scalar potential in any field direction.
The stable vacuum of a scalar potential in various field directions are determined by
the co-positivity conditions [75, 76] where all the scalar quartic couplings are involved.
Here we are considering all the scalar quartic couplings as real and positive and thus
automatically satisfy the necessary co-positivity conditions.
• Bound on Majorana mass parameter: In the presence of a small Majorana
mass, the ξ1 state gets splitted into two non degenerate Majorana eigenstates. This
– 6 –
sinθ = 0.1
sinθ = 0.3
sinθ = 0.6
sinθ = 0.9
0 100 200 300 400 500
10-9
10-6
0.001
1
ΔM (GeV)
T
Mξ1=200 GeV
sinθ = 0.1
sinθ = 0.3
sinθ = 0.6
sinθ = 0.9
0 100 200 300 400 500
10-11
10-9
10-7
10-5
0.001
0.100
ΔM (GeV)
T
Mξ1=1000 GeV
Figure 2. Sketch of T parameter using Eq.(3.2) as a function of ∆M for two different values of
Mξ1= 200 GeV (left) and 1000 GeV (right). Each line indicates constant magnitude of sin θ. The
black dashed line stands for the observed upper limit of T parameter.
triggers the possibility of inelastic scattering of ξ1 with nucleon to produce ξ2. Such
inelastic scattering would give rise to non zero excess of nucleon recoil into direct
detection experiments (e.g. XENON 1T) which is strongly disfavored. Hence, it is
recommended to forbid such kind of inelastic processes. This poses some upper limit
on the Majorana mass parameter mχL +mχR & 240 KeV for DM having mass O(1)
TeV considering Xenon detector [77, 78].
• Electroweak precision observables: Owing to the presence of an additional
SU(2)L doublet fermion, the electroweak precision parameters put some restrictions
on the model parameters. It turns out that in the small Majorana mass limit the S
and U parameters do not pose any significant constraint [79]. However one needs to
inspect the magnitude of T parameter originating from the BSM sources. Consider-
ing the small Majorana mass limit, the analytical expression for T parameter in our
framework carries the following form [79]:
T ' g
2
16pi2M2Wα
[
Π˜(MΨ,MΨ, 0) + cos
4 θ Π˜(Mξ2 ,Mξ2 , 0) + sin
4 θ Π˜(Mξ1 ,Mξ1 , 0)
+ 2 sin2 θ cos2 θ Π˜(Mξ1 ,Mξ2 , 0)− 2 cos2 θ Π˜(MΨ,Mξ2 , 0)− 2 sin2 θ Π˜(Mψ,Mξ1 , 0)
]
(3.2)
where α being the fine structure constant. The vacuum polarization functions (Π˜)
are defined as
Π˜(Ma,Mb) =− 1
2
(M2a +M
2
b )
{
Div + Ln
(
µ2
MaMb
)
− 1
2
}
− (M
4
a +M
4
b )
4(M2a −M2b )
Ln
(
M2a
M2b
)
+MaMb
{
Div + Ln
(
µ2
MaMb
)
+ 1 +
M2a +M
2
b
2(M2a −M2b )
Ln
(
M2b
M2a
)}
. (3.3)
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The present experimental bounds on T is given by [80]:
∆T = 0.07± 0.12, (3.4)
In Fig. 2, we demonstrate the functional dependence of T parameter on Mξ1 , ∆M
and sin θ. Two notable features come out: (i) for a constant Mξ1 and sin θ, one
can observe the rise of T parameter with ∆M and thus at some point crosses the
allowed experimental upper limit, (ii) for higher DM mass, the constraints on the
model variables from T parameter turn weaker.
• Relic density bound and direct search constraints: The observed amount of
relic abundance of the dark matter is obtained by the Planck experiment [81]
0.1166 . ΩDMh2 . 0.1206. (3.5)
Along with this, the dark matter relic density parameter space is constrained sig-
nificantly by the direct detection experiments such as LUX [82], PandaX-II [83] and
Xenon-1T [84]. In our analysis, we will follow the Xenon-1T result in order to validate
our model parameter space through direct search bound.
• Bounds from invisible decay of Higgs and Z boson: In case the DM mass
is lighter than half of Higgs or Z Boson mass, decays of Higgs and Z boson to DM
are possible. Invisible decay widths of both H and Z are severely restricted at the
LHC [80, 85], and thus could constrain the relevant parameter space. Since, in the
present study our focus would be on the mass range 100 GeV – 1 TeV for DM, the
constraints from H and Z bosons does not stand pertinent.
In the upcoming discussions we will strictly ensure the validity of the above mentioned
constraints on the model parameters while specifying the the benchmark/reference points
that satisfy the other relevant bounds arising from DM phenomenology and leptogenesis.
4 Fast expanding Universe
As mentioned earlier, the presence of a new species in the early Universe before the radiation
domination epoch can significantly escalate the expansion rate of the universe, which in
turn has a large impact on the evolution of the particle species present in that epoch. In this
section we brief the quantitative justification of the effect of a new species on the expansion
rate of the universe. Hubble parameter H delineates the expansion rate of the universe
and is connected with the total energy of the Universe through the standard Friedman
equation. In presence of a new species (η) along with the radiation field, the total energy
budget of the universe is ρ = ρrad +ρη. For standard cosmology, the η field would be absent
and one can write ρ = ρrad. As a function of temperature (T ) one can always express the
energy density of the radiation component which is given by
ρrad(T ) =
pi2
30
g∗(T )T 4, (4.1)
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with g∗(T ) being the effective number of relativistic degrees of freedom at temperature T .
In the absence of entropy production per comoving volume i.e. sa3 = const., one can write
ρrad(t) ∝ a(t)−4. Now, in case of a rapid expansion of the Universe the energy density of
η field is expected to be redshifted quite earlier than the radiation. Accordingly, one can
have ρη ∝ a(t)−(4+n) with n > 0.
The entropy density of the Universe is expressed as s(T ) = 2pi
2
45 g∗s(T )T
3 where, g∗s
is the effective relativistic degrees of freedom which contributes to the entropy density.
Employing the energy conservation principle once again, a general form of ρφ can thus be
constructed as:
ρη(T ) = ρη(Tr)
(
g∗s(T )
g∗s(Tr)
)(4+n)/3( T
Tr
)(4+n)
. (4.2)
The temperature Tr is an unknown variable (> TBBN) and can be safely treated as the
point of equality of two respective energy densities: ρη(Tr) = ρrad(Tr). Using this criteria,
it is simple to write the total energy density at any temperature (T > Tr) as [15]
ρ(T ) = ρrad(T ) + ρη(T ) = ρrad(T )
[
1 +
g∗(Tr)
g∗(T )
(
g∗s(T )
g∗s(Tr)
)(4+n)/3( T
Tr
)n]
(4.3)
From the above equation, it is obvious that the energy density of the Universe at any
arbitrary temperature (T > Tr), is dominated by η component. The standard Friedman
equation connecting the Hubble parameter with the energy density of the Universe is given
by:
H =
√
8piρ√
3MPl
, (4.4)
with MPl = 1.22× 1019 GeV being the Planck mass. At temperature, higher than Tr with
the condition g∗(T ) = g¯∗ (some constant), the Hubble rate can approximately be cast into
the following form [15]
H(T ) ≈ 2
√
2pi3/2g¯
1/2
∗
3
√
10
T 2
MPl
(
T
Tr
)n/2
, (with T  Tr), (4.5)
= HR(T )
(
T
Tr
)n/2
, (4.6)
where HR(T ) ∼ 1.66 g¯1/2∗ T 2MPl , the Hubble rate for radiation dominated Universe. In case
of SM, g¯∗ can be identified with the total SM degrees of freedom g∗(SM) = 106.75. It is
important to note from Eq.(4.5) that the expansion rate is larger than what it is supposed
to be in the standard cosmological background provided, T > Tr and n > 0. Hence it
can be stated that if the DM freezes out during η domination, the situation will alter
consequently with respect to the one in the standard cosmology.
With positive scalar potential for the field responsible for fast expansion, value of
0 < n ≤ 2 can be realized. The candidate for n = 2 species could be the quintessence fluids
[86] where in the kination regime ρη ∝ a(t)−6 can be attained. However for n > 0, one
needs to consider negative potential. A specific structure of n > 2 potential can be found
in ref. [15] which is asymptotically free.
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5 Revisiting dark matter phenomenology
The comoving number density of the DM (ζ1) is governed by the Boltzmann’s equation (in
a radiation dominated Universe) [87]:
dYζ1
dzD
= − 〈σv〉s
HR(T )zD
(Y 2ζ1 − Y eq
2
ζ1
), (5.1)
where, zD =
Mζ1
T and 〈σv〉 stands for the thermally averaged annihilation cross section
with v being the relative velocity of the annihilating particles. The equilibrium number
density of the DM component is represented by Y eqζ1 in Eq.(5.1). The relic abundance of
the DM is obtained by using [87]:
ΩDMh
2 = 2.82× 108 Mζ1YzD=∞ (5.2)
In the WIMP paradigm, it is presumed that DM stays in thermal equilibrium in the early
Universe. Considering the DM freezes out in the RD Universe, the required order of
thermally averaged interaction strength of the DM to account for correct relic abundance
is found to be,
〈σv〉 ≈ 3× 10−26cm3 sec−1, (5.3)
The Eq.(5.3) quantifies an important benchmark for WIMP search, which bargains on a
major assumption that the universe was radiation dominated at the time of DM freeze out.
However, in an alternative cosmological history, depending on the decoupling point of DM
from the thermal bath this number is expected to change by order of magnitudes, which
in turn, brings out significant changes in the relic satisfied parameter space of a particular
framework.
In the current framework, the DM ζ1 can (co-)annihilate into SM particles through Z or
Higgs mediation. Furthermore, co-annihilation processes like ψ+ψ− → SM, SM also supply
their individual contributions to total 〈σv〉. The relevant Feynman diagrams contributing
to the possible annihilation and co-annihilation channels of the DM can be found in [88].
As mentioned in the previous section for the fast expanding Universe the Hubble
parameter HR(T ) in Eq.(5.1) in presence of the new species η, need to be replaced with
H(T ) of Eq.(4.5) with n > 0. This recent temperature dependence of the expansion rate
of the Universe provide some new degrees of freedom as we also observe here. For the
standard cosmological background, in pseudo Dirac singlet doublet dark matter model
there are three independent parameters for a particular DM mass namely: ∆M, sin θ and
the Majorana mass m. For simplicity of our analysis we keep Majorana mass m small
by fixing it at 1 GeV. Then the relevant set of parameters which participate in the DM
phenomenology in presence of the modified cosmology are the following:{
∆M, sin θ, Tr, n
}
, (5.4)
for a certain DM mass.
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ζ1 ζ1
Z
N N
1
ζ1 ζ1
h
N N
1
Figure 3. Feynman diagrams contributing to the direct search of the DM.
5.1 Direct searches
The part of the Lagrangian relevant for direct search of the DM within the Dirac limit
(m→ 0) is given by,
L ⊃ g
2 cos θW
sin2 θ ξ1γ
µZµξ1 +
Y√
2
sin θ cos θ h ξ¯1ξ1, (5.5)
However switching the parameter m on, leads to the pseudo-Dirac limit in which the
neutral current interaction of the DM ζ1, i.e., first term of Eq.(5.5) vanishes at zeroth
order in δr =
mχL−mχR
Mζ1
. Although a small residual vector-vector interaction of the DM to
the quarks, due to the non-pure Majorana nature of the mass eigenstates still exists. This
brings about the Z mediated effective interactions of the DM with nucleon which is given
by,
L ⊃ α(ζ¯1γµζ1)(q¯γµq), (5.6)
with α =
(
4g2δr sin2 θ
m2Z cos
2 θW
)
CqV = α
′CqV and g as the SU(2)L gauge coupling constant. In
addition, the SM Higgs mediated process of DM-nucleon scattering will be present at the
tree level as evident from Eq.(5.5). The relevant Feynman diagrams are shown in Fig. 3.
It is pertinent to comment that in the vanishing δr limit only Higgs mediated diagram in
Fig. 3 contribute to the direct search of DM.
5.2 Dark matter in presence of (non)standard thermal history
In case of a faster expansion of the Universe, the DM freezing takes place quite earlier than
what it does in the standard scenario, resulting into an overabundance. Hence, to account
for the observed relic abundance, an increase of the total annihilation cross section of DM
is required. This in turn necessitates the rise of the associated coupling coefficients.
This fact can be realized from Figs. 4-5, where the DM relic abundance is plotted
against sin θ by considering Tr = 0.1 GeV. We choose two different DM masses for the
analysis, one at a comparatively lower range with Mζ1 = 200 GeV shown in Fig. 4 while
the other one in a higher mass regime at Mζ1 = 1000 GeV as in Fig. 5. We also take
different values of n and ∆M to have a clear comprehension of how the new degrees of
freedom changes the relic density. It is prominent that a larger value of sin θ is required in
– 11 –
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Figure 4. Relic abundance of the DM as a function of the mixing angle between the singlet and
doublet is shown considering both standard (solid line) and non-standard (dashed and dotted lines)
thermal history of the Universe, for Mζ1 = 200 GeV with (left) ∆M = 25 GeV and (right) ∆M = 50
GeV. The disfavored region from the spin independent direct detection constraints are denoted by
respective shaded region. Here we have considered Tr = 0.1 GeV.
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Figure 5. The same as Fig. 4 but for a choice of higher DM mass, for Mζ1 = 1000 GeV with (left)
∆M = 90 GeV and (right) ∆M = 150 GeV. Here we have fixed Tr = 0.1 GeV.
order to satisfy the observed density limit (green color band representing 2σ range of the
observed relic density) for n & 1 compared to the n = 0 (standard) case. We also display
the direct search constraints on the same plot. The contribution to spin independent direct
detection cross section comes solely from the Higgs mediated diagrams (right panel of Fig.
3) since we are working in the δr = 0 limit. The direct detection cross section seemingly
restricts the value of sin θ in an intermediate range. For example, such a constraint of
0.62 . sin θ . 0.76 is indicated as shaded region in left panel of Fig. 4. This is because
the direct search cross section is proportional to the factor: sin2 θ cos2 θ, as evident from
Eq.(5.5). In the right panel of the Figs. 4-5, this intermediate range (specifically the upper
limit) of sin θ is not apparently visible since it exceeds the plotting range.
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Figure 6. The same as Fig. 4 but for a choice of larger Tr = 1 GeV.
A few important aspects of the analysis can be drawn from Figs. 4-5. It is seen that
for a particular DM mass, non-standard cosmology (n > 0) requires larger sin θ to be
consistent with the observed relic abundance as mentioned earlier. For a specific value of
n, relic density increases with ∆M thus at some point can be ruled out from direct search
bound for a specific DM mass. For example, in the left panel of Fig. 4, fixing n = 2 can
satisfy the correct relic and which is also allowed by the direct search bound. However
once ∆M is increased up to a substantial amount it enters into the disfavored region, as
seen in the right panel of Fig. 4.
So far the DM phenomenology has been studied by assuming Tr = 0.1 GeV. Nonethe-
less one can look for the DM parameter space considering a higher value of Tr. In Fig. 6,
we use a slightly larger value of Tr = 1 GeV and present the relic contours for different
values of n in Ωh2− sin θ plane. It is observed that increase of Tr reduces the relic density
for a particular n. As an example, in the left panel of Fig. 4, the required value of sin θ
was 0.53 to satisfy the relic abundance criteria considering n = 2 and Tr = 0.1 GeV. Now
for Tr = 1 GeV, this value got shifted to 0.25. Enhancement of Tr is also preferred in the
view of direct search constraints as can be seen by comparing the right panel of Fig. 4 and
Fig. 6 where the n = 2 relic contour turns out to be favored in the later case. This leads
to a realization that, lowering the required value of sin θ to account for the expected relic
density further reduces the direct search cross section. One can assign a further higher
value to Tr > 1, however the scenario will approach towards the standard case which is
BP n Tr (GeV) Mζ1 (GeV) ∆M (GeV) sin θ Ωh
2 Log10
[
σSI
cm2
]
I 2 0.1 200 25 0.53 0.12 -46.71
II 2 0.1 1000 90 0.325 0.12 -46.8
Table 2. Two sets of relic and direct search satisfied points collected from Figs. 4-5
.
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Figure 7. Schematic diagram of radiative neutrino mass generation.
prominent in comparing Fig. 4 and Fig. 6. We end this section by tabulating two sets of
relic satisfied points for n = 2 in Table 2 which have relevance in the study of neutrino
mass and leptogenesis.
6 Neutrino mass generation
This model renders a mechanism which explains the radiative generation of light neutrino
mass. The relevant one loop process is shown in Fig. 7 which establishes the fact that the
presence of the heavy scalars are essential in order to make the Majorana light neutrinos
massive. The light neutrino mass matrix can be expressed by the following equation [89–
91]:
mνij = h
T
kiΛkkhjk, (6.1)
where, Λkk = Λ
L
kk + Λ
R
kk. The Λ
L
kk and Λ
R
kk include the contribution from mχL and mχR
respectively. For the full analytical expressions representing ΛLkk, Λ
R
kk we refer to our
earlier work [73]. We use Casas-Ibarra parameterization [92] in order to connect the
mixing parameters with neutrino Yukawa coupling. Using this parameterization, one can
write [92]:
hT = D√
Λ−1 RD√mdiagν U
†, (6.2)
where, R is a complex orthogonal matrix. Any complex orthogonal matrix can be man-
ifested by R = O eiA where O and A represent any arbitrary real orthogonal and real
anti-symmetric matrices respectively [93]. The exponential of the anti-symmetric matrix
A can be simplified to
eiA = 1− cosh r − 1
r2
A2 + i
sinh r
r
A (6.3)
with r =
√
a2 + b2 + c2 and
A =
 0 a b−a 0 c
−b −c 0
 (6.4)
For our purpose, we consider O as an identity matrix and also for simplicity of the
anti-symmetric matrix A we have chosen the equality a = b = c ≡ a. It is important to
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note that, this particular parameterization for the R matrix helps us to achieve a desired
order of Yukawa coupling by keeping the neutrino mixing parameters intact. We denote,
D√
mdiagν
= Diag(
√
mν1,
√
mν2 ,
√
mν3), D√Λ−1 = Diag(
√
Λ−111 ,
√
Λ−122 ,
√
Λ−133 ). It is also
worth mentioning that this special kind of Casas-Ibarra parametrization for the neutrino
Yukawa coupling is found to be facilitating to produce the parameter space responsible for
generating the observed BAU in the present framework. Authors in [94] have shown the
explicit roles of the anti-symmetric matrix A and its elements a, b, c in order to achieve
sufficient amount of lepton asymmetry. In our case too, the usefulness of this particular
parametrization can be observed in Section 8 where we tune a such that one can acquire
the observed BAU. As obtained from the recent bayesian analysis [95], the mild preference
for the normal mass hierarchy (NH) of the neutrinos, allows us to chose the NH as the true
hierarchy among the three light neutrino masses. It is also found that the latest global fit
of neutrino oscillation data [96] seems to favor the second octant of the atmospheric mixing
angle for both the mass hierarchies. The recent announcement made by the experiment
prefers the Dirac CP phase to be −pi/2 with 3σ confidence level (for detail one may refer
to [97]). Keeping all these in mind for the numerical analysis section we fix all the neutrino
parameters to their 3σ central values including the maximal values for the Dirac CP phase.
It is also noted that, a random scan of all the neutrino parameters in their entire 3σ range
would not affect our present analysis much. The resulting Yukawa coupling in the neutrino
sector governs the CP violating decay of the BSM scalar leading to an expected amount of
lepton asymmetry which we discuss in the next section.
7 Baryogenesis via Leptogenesis from scalar decay
In this section, we describe the production mechanism of lepton asymmetry driven by the
decay of the scalar belonging to the dark sector. Our proposal for leptogenesis differs from
the usual scenario of leptogenesis in the type I seesaw framework in the sense that, in
such a scheme the production of lepton asymmetry is guided by the decay of the heavy
Majorana RHN. The present set up, on account of the presence of lepton number violating
vertex involving φ and the SM leptons, motivates us to investigate the process of lepton
asymmetry creation from the singlet scalar (φ) decay which has also served a key role in
generating the light neutrino mass. We will also see that presence of a non-standard history
of the early Universe provides indisputable contribution in order to yield correct order of
baryon asymmetry by suppressing the washout factor significantly.
In the present framework the dark sector scalar (φ) can undergo a CP violating decay
to SM leptons and the additional BSM fermion doublet which leads to lepton number
violation by one unit. This particular decay process can naturally create lepton number
asymmetry provided out-of-equilibrium criteria is satisfied. Earlier we have commented on
the choice of the mass spectrum of dark sector scalars i.e. Mφ1 < Mφ2 < Mφ3 (see Fig.
1), which however do not play any decisive role in favoring the true hierarchy of neutrino
mass. All these scalars can potentially contribute to generate the final B − L asymmetry.
The CP asymmetry factor is defined as the ratio of the difference between the decay rates
of φ into the final state particles with lepton number +1 and -1 to the sum of all the decay
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Figure 8. Possible feynman diagrams for lepton asymmetry production from singlet scalar decay
rates, quantified as,
αi =
Γ(φi → L¯αΨ)− Γ(φi → LαΨ¯)
Γ(φi → L¯αΨ) + Γ(φi → LαΨ¯) , (7.1)
The total lepton asymmetry receives contributions from two kind of subprocesses: (i)
superposition of tree level and vertex diagram and (ii) superposition between tree level and
self energy diagram as shown in Fig 8. This allows us to write T = vertex + self energy.
Driven by Eq.(7.1), we can obtain the analytical form of vertex which is given by (see
Appendix A for the detail):
ivertex =
1
4pi
∑
j 6=i
Im
[
(h†h)ijhαjh∗αi
]
(h†h)ii
xij log
(
xij
xij + 1
)
(7.2)
where, hαi is the Yukawa matrix governing the lepton number violating interaction in this
set up and xij =
M2φj
M2φi
. In computing Eq.(7.2) we have considered the massless limit for
the SM leptons. We also have figured out that the iself energy exactly vanishes in this limit.
A more detailed analytical understanding of this asymmetry parameter is provided in the
Appendix A. The obtained amount of lepton asymmetry can estimate the observed BAU in
presence of a rapid expansion of the Universe for a particular domain of scalar mass. The
effect of this unorthodox cosmology is crucial especially in bringing down the leptogenesis
scale and can be realized from the modifications brought out in the Boltzmann’s Equations
which we are going to discuss in the following subsection.
7.1 Boltzmann’s equations and final baryon asymmetry
The evolutions of number densities of φ and B −L asymmetry can be obtained by solving
the following set of coupled Boltzmann’s equations (BEQs) [4, 98]:
dNφi
dz
= −Di(Nφi −N eqφi ), with i = 1, 2, 3 (7.3)
dNB−L
dz
= −
3∑
i=1
iDi(Nφi −N eqφi )−
3∑
i=1
WiNB−L, (7.4)
with z = Mφ1/T when the decaying scalar is the φ1. For convenience in numerical evalua-
tion in case all the three scalars are actively involved in the generation of the final lepton
asymmetry (which is true here) one can redefine a generalized temperature-function (z),
writing z = zi√x1i with i = 1, 2, 3. Note that Nφi ’s are the comoving number densities
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normalised by the photon density at temperature larger than Mφi . The first one of the
above set of coupled equations tells us about the evolution of the scalar number density
whereas the second determines the evolution of the amount of the lepton asymmetry which
survives in the interplay of the production from parent particle (first term) and washout
(second term), as a function of temperature.
To properly deal with the wash out of the produced lepton asymmetry one must take
into account all the possible processes which can potentially erase a previously created
asymmetry. Ideally there exist four kinds of processes which contribute to the different
terms in the above BEQs: decays, inverse decays, ∆L = 1 and ∆L = 2 scatterings mediated
by the decaying particle. However in the present set up we do not have any ∆L = 1
scattering. It is also true that for a strong wash out scenario one does not need to bother
about such ∆L = 1 processes, since the final asymmetry does not depend on the initial
conditions in case the wash out is strong. As a consequence, to have an estimate on the
total washout in this framework the processes which are to be taken care of are mainly
inverse decay and ∆L = 2 processes.
The Hubble expansion rate in the standard cosmology is estimated to be HR(T ) ≈√
8pi3g∗
90
M2φ1
MPl
1
z2
≈ 1.66g∗
M2φ1
MPl
1
z2
with g∗ = 106.75, being the effective relativistic degrees of
freedom. The Di in Eq.(7.3) denotes the decay term which can be expressed as,
Di =
ΓD,i
Hz
= Kix1iz〈1/γi〉, (7.5)
considering H = HR and one can write ΓD,i = Γ¯i + Γi = Γ˜D,i〈1/γi〉 with 〈1/γi〉, the ratio
of the modified Bessel functions K1 and K2 quantifying the thermally averaged dilution
factor as 〈1/γi〉 = K1(zi)K2(zi) . Note that Γi represents the thermally averaged decay width of
φi to SM lepton and the BSM fermion doublet whereas Γ¯i stands for the conjugate process
of the former. The wash out factor Ki in Eq.(7.5) is related to the decay width and the
Hubble expansion rate as
Ki ≡ Γ˜D,i
H(T = Mφi)
. (7.6)
The decay and inverse decay processes automatically take the resonant part of the ∆L = 2
scatterings into account. Thus to avoid double counting it is a mandatory task to properly
subtract the real intermediate states (RIS) contribution where the decaying particle can
go on-shell in the s-channel scattering. For a detailed analytical understanding of RIS
subtraction one may look into [4]. At the same time, it is to note that at a higher temper-
ature the non-resonant parts of ∆L = 2 scatterings become important when the mediating
particle (here the scalar φ) is exchanged through u-channel. An in-depth study of such
high temperature affect on the ∆L = 2 scatterings mediated by heavy RHNs can be found
in [98, 99]. Now the inverse decay (ID) width ΓID is connected to ΓD as:
ΓID(zi) = ΓD(zi)
N eqφi (zi)
N eql
, (7.7)
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where N eqφi =
3
8z
2
iK2(zi) and N eql = 34 . Then it follows that the relevant wash out term in
the present scenario will take the following form:
Wi ≈W IDi =
1
2
ΓID(zi)
Hz
, (7.8)
=
1
4
Kix
2
1i K1(zi)z3, (7.9)
for standard Universe. We would like to mention once again that in the BEQs of Eq.(7.3)
Nφi and NB−L denote the respective abundances with respect to photon number density
in highly relativistic thermal equilibrium. Since we do not have ∆L = 1 scatterings, the
total abundances of the scalar particles are mainly get affected by the decays and inverse
decays pushing it towards its equilibrium value N eqφi .
The influence of non-standard cosmology as briefed in Section 4, is observed in the
form of a new set of modified BEQs where the Hubble rate of expansion obeys the form as
shown in Eq.(4.5). Hence in the alternative cosmological scenario with n > 0 the Hubble
parameter in the present section will be modified according to Eq.(4.5) wherever applicable.
For example with the new Hubble expansion rate, the decay term looks like,
Di =
ΓD,i
Hz
= Kiz
n/2+1x
n/4+1
1i
K1(zi)
K2(zi) . (7.10)
Similarly, the washout parameter Ki and WID will be modified to
Ki =
Γ˜D,i
HR(T = Mφi)
(
Tr
Mφi
)n/2
, (7.11)
Wi =
1
4
Kix
n/4+2
1i K1(zi)zn/2+3 (7.12)
With all these inputs, the final baryon asymmetry of the Universe can be obtained by
using,
ηB = asph
NB-L
N recγ
= 0.0126 NfB-L, (7.13)
where asph indicates standard sphaleron factor and N
f
B-L being the final B-L asymmetry.
BP Λ11 (eV) Λ22 (eV) Λ33 (eV) a hij × 104
I 9.94× 107 1.02× 108 1.04× 108 2.9
(
−10.08− 3.17i 4.02 − 7.94i −0.31− 6.58i
−1.54 − 10.38i 8.92 0.26i 5.71 − 3.1i
1.05 − 6.88i 5.65 + 1.81i 4.13− 0.83i
)
II 5.54× 107 5.69× 107 5.83× 106 2.7
(
−9.55− 3.0i 3.97 − 7.5i −0.29− 6.22i
−1.46 − 9.84i 8.44 + 0.24i 5.39 − 2.91i
0.96 − 6.53i 5.36 + 1.69i 3.86− 0.75i
)
Table 3. Numerical estimation of the two Yukawa coupling matrices which are obtained for the
sets of benchmark points (BP) tabulated in Table 2. Reference scalar masses are considered as
Mφi = {107, 107.1, 107.2} GeV.
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Figure 9. Washout factors as a function of a for (left) standard and (right) non-standard case.
We consider here Mφi = {10s, 10s+0.1, 10s+0.2} GeV with s = {7, 8, 9} for the benchmark point I in
Table 2.
8 Results for neutrino mass and leptogenesis
It is clear from the above discussion that the Yukawa couplings and the masses of BSM
scalar and fermionic fields enter into both one loop diagrams responisble for neutrino mass
and lepton asymmetry calculation respectively. Here we present some numerical estimates
of the relevant parameters which offer correct order of neutrino mass and lepton asymmetry
in this set up.
For numerical computation we choose the lightest active neutrino mass to be 0.001 eV,
abiding by the cosmological bound on the sum of neutrino masses as reported by Planck
(
∑
imνi < 0.12 eV) [81]. We also prefer to choose the maximal value for Dirac CP phase
δCP = −pi2 and the best fit central values for rest of the oscillation parameters. Using
these values, it is trivial to obtain the Yukawa couplings (hij) with the help of Eq.(6.2)
once the mass scales of the BSM fields are known. In Table 3, we provide the numerical
estimate of the Yukawa couplings matrix (h) for the two reference points as noted in Table
2, considering scalar masses as {107, 107.1, 107.2} GeV. This estimation is essential for the
calculation of baryon asymmetry as well.
As emphasized earlier, one of the primary aims of this study is to investigate the
dynamical generation of baryon asymmetry considering the presence of non-standard cos-
mology (H 6= HR) instead of the standard one (H = HR). The Figs. 9-10 illustrate the
reason behind this preference. In Fig. 9, we show the variation of the washout factor Ki
as a function of the parameter a present in Eq.(6.2) considering both standard (left) and
non-standard (right) cases. In Fig. 10, we exhibit the variation of i with respect to the
parameter a. For clarity we have chosen different domains for the scalar mass, considering
Mφi : {10s, 10s+0.1, 10s+0.2} GeV where s can take the values as s = 5, 7, 9. Using this set of
Mφi values and the reference point I in Table 2 we prepare these figures. These figures give
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Figure 10. Order of lepton asymmetry parameter i as a function of a in Eq.(6.2) for considering
scalar masses Mφi = {105, 105.1, 105.2} GeV (left) and Mφi = {107, 107.1, 107.2} GeV (right) for the
benchmark point I in Table 2.
a clear insight on the fact that both the washout factor Ki and i are increasing functions
of a. Moreover, for lower Mφi the wash out becomes stronger (Ki  1). The Fig. 10
reveals that the order of the asymmetry parameter remains to be more or less unaltered
irrespective of the choice of Mφ scales. This can be understood from Eq.(7.2), where the
term involving the functional dependence of Mφi takes a constant value close to unity for
any arbitrary choice of Mφi .
In contrast to the standard case, the right panel of Fig. 9 shows that the order of
Ki’s can be substantially suppressed in case the Universe expands faster where we have
chosen Tr and n to be 0.1 GeV and 2 respectively. Although in the standard case it may be
possible to generate the correct order of baryon asymmetry with superheavy scalar fields
(MΦi  109 GeV), we prefer the non-standard option since it opens up the possibility of
relaxing the lower bound on Mφ’s to meet the weak washout criteria (Ki  1).
We numerically solve the BEQs of Eq.(7.3) with the initial conditions that the scalars
are in thermal equilibrium at T > Mφi and also assume that the initial B-L asymmetry
N iniB−L = 0. We have performed this analysis by assuming the lightest scalar Mφ1 ∼ O(107)
GeV and which is enforced to obey two kinds of hierarchies with the other two heavier
scalars. First we consider a compressed pattern of mass hierarchy among the scalars and
in the later part we speculate on the case with a relatively larger mass hierarchy. This
two hierarchy patterns lead to distinct evolutionary dynamics of the scalars as understood
from Figs. 11-12.
In Fig. 11, we show the evolution of Nφ1,2,3 (left) and NB−L (right) by considering the
compressed mass pattern with n = 2, Mφi = {107, 107.1, 107.2} GeV. As it is seen that,
number density of the scalars drops from their equilibrium abundances and NB−L rises with
decreasing temperature and finally NB−L gets saturated at some finite value. In Table 4,
we list the required values of the parameter a to attain the observed amount of ηB for the
reference points of Table 2 considering n = 2 and Tr = 0.1 GeV. We also include the order
of the lepton asymmetry parameter and the ηB values for n = 1. It is clearly understood
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Figure 11. Evolution of Nφi (left) and NB−L (right) as a function of temperature T considering
compressed mass hierarchy among the scalars with {Mφi → 107, 107.1, 107.2} GeV and Tr = 0.1
GeV for the benchmark point I in Table 2.
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Figure 12. Evolution of Nφi (left) and NB−L (right) as a function of temperature T considering
uncompressed mass hierarchy among the scalars with {Mφi → 107, 109, 1011} GeV and Tr = 0.1
GeV for the benchmark points I in Table 2.
that a smaller value of n, reduces the amount of ηB for a fixed Tr and a.
Next we consider a representative uncompressed mass hierarchies among the scalars
(not shown in the Tables) and fix Mφi = {107, 109, 1011} GeV. In Fig. 12, we show the
evolution of Nφ1,2,3 and NB−L as a function of temperature T . Since Mφ2,3 are quite
heavier as compared to Mφ1 , their number densities fall sharply at a very early stage of
evolution. Hence, in the evolution, first NB−L gets created from φ3 decay. Then when
φ2 starts decaying, NB−L changes its sign which is observed in form of a kink in right of
Fig. 12 is observed. Finally the decay of the lighter scalar φ1 helps in keeping the remnant
asymmetry upto the expected amount successfully. Similar to the earlier case, in Table 5,
we tabulate the findings: the value of a, order of 1,2,3 and ηB(n = 1) to attain the correct
order of ηB.
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BP a |1| |2| |3| ηB(n = 1) ηB(n = 2)
I 2.9 3.01× 10−9 2.21× 10−8 1.95× 10−8 5.07× 10−13 3.71× 10−10
II 2.7 2.68× 10−9 1.98× 10−8 1.7× 10−8 5.69× 10−13 3.28× 10−10
Table 4. Estimating baryon asymmetry considering compressed mass hierarchy with Mφi =
{107, 107.1, 107.2} GeV for the two benchmark points in Table 2.
.
BP a |1| |2| |3| ηB(n = 1) ηB(n = 2)
I 2.75 8.99× 10−13 7.03× 10−8 4.05× 10−8 1.30× 10−13 2.86× 10−10
II 2.75 1.52× 10−12 1.26× 10−7 8.16× 10−8 2.10× 10−16 4.30× 10−10
Table 5. Estimation of baryon asymmetry considering uncompressed mass hierarchy with Mφi =
{107, 109, 1011} GeV for the two benchmark points in Table 2.
.
The present analysis appears to be suitable for any mass window for the scalars pro-
vided the validity of the analytical expressions for 1,2,3 in Eq.(7.2) holds. It is to note here
that, as of now we have explored this scenario only for unflavored regime of leptogenesis,
but it would be intriguing to examine this framework including flavor effects where the
charged lepton Yukawa interactions are fast enough. In analogy with the scenario where
lepton asymmetry originates from the decay of a heavy RHN, a different magnitude of a
would be required to describe the evolution of such processes, consistent with the obser-
vations. Since, we are already in the weak wash out regime, apparently it can be claimed
that the contribution from the individual flavor asymmetries would be minimum [98].
9 Summary and Conclusion
We have constructed an attractive framework deciphering baryogenesis from leptogenesis
along with a pseudo-Dirac dark matter candidate and neutrino mass in a scalar extended
singlet doublet scenario. Successful accomplishment of all the three entities at the same
time is conspired by a mere Majorana mass term for the singlet fermion present in the La-
grangian. We have considered both standard and non-standard cosmology and furnished a
comparative analysis between the two. Since the thermal history of the Universe is largely
unknown prior to the big bang nucleosynthesis, we conceive the idea of fast-expanding Uni-
verse and analyze the singlet doublet DM phenomenology in detail. In one of our earlier
works, we have investigated pseudo-Dirac singlet doublet DM phenomenology in view of
spin independent DM direct search experiments. Here we extend that idea and find that
the impact of this rapid expansion of the Universe turns significant especially the relevant
parameter space to be consistent with the direct detection bound receives huge deviation
compared to the standard one. First, we estimate the interaction strength for the singlet
doublet dark matter with the visible sector for two specific DM masses (. 1 TeV) consid-
ering the various kinds of the fast expansion of the Universe (with different temperature
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dependences) which turns out to be higher than in the usual scenario. This looks consistent
with the earlier model independent works in this direction. In the later part, we discuss the
radiative generation of neutrino mass which require an extension of the minimal framework
with additional singlet scalars. We further calculate the baryon asymmetry of the Universe
from the decay of these dark scalars by using the Yukawa couplings which get constrained
from the neutrino oscillation data. The proposed mechanism of lepton asymmetry genera-
tion is slightly different from the ones available in the existing literature where the decay of
heavy right-handed neutrino generates the asymmetry in the lepton sector. We conclude
with an important notion that the non-standard Universe is perhaps preferred over the
standard one in the present scenario to yield the observed amount of baryon asymmetry
in the Universe within weak washout regime.
Acknowledgements
This work is supported by Physical Research Laboratory (PRL), Department of Space,
Government of India. Computations were performed using the HPC resources (Vikram-
100 HPC) and TDP project at PRL. Authors gratefully acknowledge WHEPP’19 where
parts of this work were initiated. AM likes to appreciate M. Ratz for helpful conversation.
Authors also thank KM Patel and S Seth for useful discussion.
A Analytical formulation of the lepton asymmetry parameter
In this section we present a brief analytical estimate of the lepton asymmetry from the
lepton number violating dark sector scalar singlet decay. The asymmetry parameter gener-
ally gets non-zero contributions from the interference of the tree level and two 1-loop level
diagrams as shown in Fig. 8. However in the present set up with a vanishing lepton mass
limit, the sole contribution to the lepton asymmetry is sourced by the interference of the
tree level and vertex diagram only. The invariant amplitude square for the tree level decay
of the BSM scalar (φ) to SM lepton (l) and the vector like fermion (Ψ) can be expressed
as,
|M|2φi→ l¯Lα+Ψ =
∑
α
(hαih
∗
αi)M
2
φi
, (A.1)
Where i, j are the indices specific to the BSM scalar which run as (1, 2, 3) and the α =
e, µ, τ refers to SM lepton indices respectively. Considering the limit Mφ  mΨ,ml, the
corresponding decay width of i’th scalar at tree level can be expressed as:
Γφi→ l¯Lα+Ψ =
|M|2
16pi
1
Mφi
=
(
h†h
)
ii
Mφi
16pi
. (A.2)
Next we proceed to calculate the contribution caused by the interference between
the tree level and vertex diagrams to . The Feynman amplitude square of such kind of
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pq
p
′
q3
q1
q2
1
Figure 13. Particle directions and momenta of the vertex diagram as shown in Fig. 8.
interference process (see Fig. 13) is given by (in the vanishing lepton and DM mass limits):
I ′vertex = 2iAh
∫
d4q1
(2pi)4
uΨ PR q1 PLq2 PR vl vl PL uΨ
(q21 + iε)(q
2
2 + iε)(q
2
3 −M2φj + iε)
, (A.3)
where Ah = hβjh
∗
βihαjh
∗
αi. Afterwards, we use the standard trace properties of the Gamma
matrices and also consider the imaginary part of the I ′vertex/Ah in Eq.(A.3) (since it solely
matters for lepton asymmetry as we will see in a while) to write:
I ′vertex = 2iAh
∫
d4q1
(2pi)4
(q1.q2)(p
′.q)− (q1.p′)(q2.q) + (q1.q)(q2.p′)
(q21 + iε)(q
2
2 + iε)(q
2
3 −M2φj + iε)
, (A.4)
We work in rest frame of the incoming particle φi. Applying principle of momentum
conservation at each vertices we obtain
q1 = {E1,q1}, q2 = {Mφi − E1,−q1} with p = {Mφi ,~0}, (A.5)
also, p′ =
{
Mφi
2
,−q
}
, q =
{
Mφi
2
,q
}
. (A.6)
Next, we implement the famous Cutkosky rule to evaluate the integral Im(Ivertex) and write
Disc [I ′vertex] = 2iAh
∫
d4q1
(2pi)4
(−2pii)2 δ[q21] δ[(p− q1)2] Θ(E1) Θ(Mφi − E1)[
(q − q1)2 −M2φj
] (A.7)
Upon further simplifications and performing the integral Eq.(A.7) we reach at
Disc [I ′vertex] =
iAhM
2
φi
8pi
[
1 + xij log
(
xij
1 + xij
)]
, (A.8)
where xij =
M2j
M2i
. Now, one can use the conversion: Im (I ′) = − 12i Disc [I ′] to attain
Im
(
I ′
)
= −M
2
φi
16pi
[
1 + xij log
(
xij
1 + xij
)]
. (A.9)
where we define I ′vertex = AhI ′. The general formula for vertex contribution to the lepton
asymmetry parameter is,
vertex = − 4
Γtot
∑
i 6=j
∑
α
Im(Ah) Im[I
′Vφ], (A.10)
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where Vφ is the phase space factor for a two body decay process (under discussion) having
magnitude 18piMφi
. The total decay width is the sum of forward and inverse decay widths
i.e. Γtot = Γφi + Γ¯φi as in Eq.(A.2). One can further write Im(I
′Vφ) = Im(I ′)Vφ since Vφ
is real.
With all the expressions earlier highlighted, finally we note down the explicit form of
vertex in terms of the model parameters,
ivertex =
1
4pi
∑
j 6=i
Im
[
(h†h)ijhαjh∗αi
]
(h†h)ii
[
1 + xij log
(
xij
xij + 1
)]
(A.11)
In a similar fashion, one can formulate the contribution to the lepton asymmetry
originating from the self energy diagram. Since at vanishing lepton mass limit due to
properties of Gamma matrices, the interference amplitude of self energy and the tree level
diagrams vanishes at the amplitude level we skip the details here.
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